A two-step polymerase chain reaction (PCR) procedure with two nested pairs of primers specific for theyad4 gene of Yersinia enterocolitica was developed. The PCR assay identified all common pathogenic serogroups (0:3, 0:5,27, 0:8, 0:9, 0:13, and 0:21) from three continents and differentiated pathogenic Y. enterocolitica from Y. pseudotuberculosis and from a variety of nonpathogenic yersiniae representing 25 serogroups and four species. The performance of the method was evaluated with seeded food and water samples. We compared two procedures for sample preparation prior to PCR: one was based on immunomagnetic separation of the target bacteria from the sample, using magnetic particles coated with immunoglobulin antibodies to Y. enterocolitica serogroup 0:3, and the other method consisted of a series of centrifugation steps combined with proteinase treatment. Regardless of the method used, the PCR assay was capable of detecting 10 to 30 CFU/g of meat in 106-fold excess of indigenous bacteria. When the samples were enriched overnight in a nonselective medium, the sensitivity was increased to approximately 2 CFU/g, except for samples with an extremely high background flora (> 107 CFUI/g). We compared gel electrophoretic detection of PCR products with a colorimetric detection method designated DIANA (detection of immobilized amplified nucleic acids), which enabled easy visualization of amplified fragments in a microtiter plate format with an optical density reader. DUINA and gel electrophoresis showed complete concordance in their discrimination between positive and negative samples. The combination of immunomagnetic separation, nested PCR, and DIANA makes possible the development of a fully automated analytic process which requires a minimum of laboratory manipulations.
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Yersinia enterocolitica is the etiological agent of a range of clinical entities in humans, although acute noncomplicated enteritis is by far the most frequent manifestation (3, 18) . Y enterocolitica encompasses a spectrum of phenotypic and genotypic variants, of which only a few have been conclusively associated with human or animal disease (18) . There is strong indirect evidence that food, especially pork products, and water are important sources of human infection (10, 31) . However, there are considerable difficulties associated with the isolation of pathogenic Y enterocolitica from these sources. Most methods require time-consuming enrichments, and the development of isolation procedures which clearly differentiate pathogenic from nonpathogenic yersiniae has proven to be problematic (10) . The polymerase chain reaction (PCR) provides a way of overcoming these difficulties. Although several reports have described the use of PCR for the detection of pathogenic Y enterocolitica (4, 5, 8, 14, 20, 36, 40) , until now no reports have described the application of the PCR to food microbiology, and none of the applications published thus far appears to be suited for routine screening of large numbers of samples.
We have developed a two-step PCR for detection of pathogenic Y enterocolitica based on the use of two pairs of oligonucleotide primers in a nested configuration. As a target for PCR, we selected the yadA4 gene (previously termed yopA) located on a virulence-associated plasmid shared by Y enterocolitica, Y pseudotuberculosis, and Y. pestis (30) . * Corresponding author.
The yadA gene encodes a subunit of the outer membrane protein YadA (Yopl), which is a virulence determinant in Y. enterocolitica (11, 30) . To facilitate concentration and purification of the target bacteria from crude samples, we used the principle of immunomagnetic separation (IMS), which utilizes small, uniform, paramagnetic particles coated with antibodies specific to surface antigens (27, 35) . The IMS technology has been applied successfully to detect several pathogens in foods and in clinical specimens and to concentrate bacteria from environmental samples (2, 6, 15, 16, 19, 27, 28, 32, 33) . Finally, the amplified PCR products were visualized by using a colorimetric detection procedure designated DIANA (detection of immobilized amplified nucleic acids), which eliminates the need for gel electrophoretic analysis (37) .
The purposes of the present report were (i) to determine the sensitivity and specificity of the two-step PCR and IMS for detection of pathogenic Y enterocolitica in foods and water, (ii) to compare IMS with an alternative sample preparation procedure based on differential centrifugation, and (iii) to compare the relative performance of colorimetric and electrophoretic detection of PCR products.
MATERUILS AND METHODS
Bacterial strains. A total of 55 Yersinia isolates with known plasmid profiles were selected for this study (Table  1) . Nineteen Y enterocolitica strains harbored the 40-to 50-MDa virulence-associated plasmid. Each of these strains was also represented by a plasmid-cured mutant which was derived from the plasmid-bearing parent by repeated subcultivation on magnesium oxalate agar (22, 29) . The strains have been characterized previously with respect to restriction enzyme cleavage patterns of plasmid and chromosomal DNAs and virulence-associated properties (12, 22 (38) . Antisera from two rabbits were pooled, and the immunoglobulins were precipitated by adding (NH4)2SO4 to 50% saturation; the precipitate was incubated at room temperature for 20 min before centrifugation at 10,000 x g for 10 min. The precipitate was dissolved in distilled water and subjected to gel filtration on a Sephadex G-150 column (2.5 by 95 cm). The protein peaks corresponding to IgM (void volume) and IgG were collected and separately passed through a column (30 ml) with Sepharose-protein A (Pharmacia, Uppsala, Sweden). The IgM fraction was eluted in the fall-through fraction (phosphate-buffered saline [PBS] eluate), and the IgG fraction was eluted by 0.2 M acetate buffer, pH 4.0. The IgG fraction containing the Yersinia-specific antibodies was neutralized, dialyzed against PBS (pH 7.3), and subsequently employed to coat the magnetic particles, using the procedure recommended by the supplier. The amount of antibody required to achieve optimal binding of target bacteria was determined in a series of pilot experiments; the highest number of bound bacteria was obtained with 20 min in 90 ml of PBS (pH 7.4) containing 0.25% Triton X-100, using a Colworth 400 stomacher. Alternatively, the inoculated samples were homogenized in TSB and incubated with shaking at room temperature overnight for enrichment. Coarse particles were subsequently removed by low-speed centrifugation at 50 x g for 5 min or by passive sedimentation at 4°C for 1 to 2 h (step A, Fig. 1 ). Different volumes of the supernatant were then processed as outlined below. The volumes selected for further examination were optimized in a pilot study. All experiments were done in duplicate. Method 1. IMS. Five milliliters of supernatant from nonenriched samples was centrifuged at 2,500 x g for 20 min; from enriched samples, 0.5 ml was sedimented at 14,900 x g (full speed) for 10 min in an Eppendorf microcentrifuge (step B, Fig. 1 ). The pellets were resuspended in 1 ml of PBS and incubated at room temperature for 30 min with 1.2 x 107 IMP coated with Y enterocolitica IgG.. In a separate experiment, IMP were added directly to the supernatant (step C, Fig. 1 ). To avoid sedimentation of IMP, the incubations were carried out under slight agitation, which was achieved by using a roller drum operated at 10 rpm. IMP with bound bacteria were then harvested with a magnetic particle concentrator (MPC-6; Dynal), washed gently one time in 2 ml of PBS, and resuspended in 50 ,ul of PCR buffer (see below) with 0.2 mg of proteinase K per ml. After incubation at 37°C for 1 h, the bacteria were lysed by boiling for 10 min. PCR reagents were finally added to a total volume of 100 RI, and the entire suspension, including the IMP, was assayed by PCR.
Method 2. Differential centrifugation. One milliliter of the supernatant from nonenriched samples or 100 pul from enriched samples was sedimented at full speed for 10 min in an Eppendorf microcentrifuge. The pellets were resuspended in 50 ,u1 of PCR buffer (see below) containing 0.2 mg of proteinase K per ml. After incubation at 37°C for 1 h, the bacteria were boiled for 10 min, and the suspension was centrifuged for 5 min. The pellet was discarded, and PCR reagents were added to the supernatant to a final volume of 100 ,ul; this was followed by analysis of the entire solution in PCR.
Preparation of water samples prior to PCR. From each water sample, 200 ml was inoculated with bacterial suspension, blended thoroughly, and passed through a 0.45-p.m membrane filter (Gelman Sciences Inc., Ann Arbor, Mich.). Filters were incubated with agitation in 10 ml of TSB at room temperature for 3 h or overnight. Five milliliters of 3-h enrichments or 0.5 ml of overnight enrichments was examined by method 1. In addition, 1 ml of 3-h enrichments or 0.1 ml of overnight enrichments was processed by method 2.
Selection and synthesis of primers. Four primers were selected on the basis of published sequence analysis of the yadA gene (Table 3 c Sizes of amplified products vary slightly depending on the serogroup (Fig. 2) (Fig. 1) . Lanes 1 to 6, three food items (samples 1, 2, and 4, Table 2 ) seeded with 10 to 30 Y enterocolitica cells per g and examined without prior enrichment; lanes 7 to 12, the same foods (samples 5, 6 , and 7, Table 2 ) seeded with approximately 2 CFU/g and examined after overnight enrichment in TSB. Lanes 1 to 3 and 7 to 9 show results obtained in PCR-1 with the outer primer set. Lanes 4 to 6 and 10 to 12 show DNA fragments generated during PCR-2 with the first PCR product as template and the inner primer set. Size markers are in the rightmost lane (see legend to Fig. 2 ).
higher for serogroup 0:3 than for other serogroups. Among seven strains of serogroup 0:3 tested, IMS was capable of isolating, on average, 23% (median, 22%; range, 20 to 28%). In comparison, the bacterial yield averaged only 0.5% (median, 0%; range, 0 to 2%) when 17 strains belonging to 13 other serogroups from five species were examined. The spectrum of serogroups tested Examination of seeded foods. Seven meat products (Table  2) were inoculated and homogenized, and duplicate samples from each food item were prepared for PCR by both methods 1 and 2 ( Fig. 1) . Regardless of the method used for sample preparation, the nested PCR was capable of detecting 10 to 30 CFU/g of the original food (1 to 3 CFU per PCR reaction mixture) against a large background of indigenous bacteria (104 to 108 CFU/g) without prior enrichment (Fig. 3) . When the samples were enriched overnight in TSB, the sensitivity was increased to approximately 2 CFU/g, except for two samples (samples 4 and 6, Table 2 ) which required an inoculum of approximately 20 CFU/g to produce a positive PCR result. These two samples, however, differed from the others by exhibiting both an extremely high total aerobic plate count and a coliform count exceeding 106 CFU/g ( Table  2 ). Uninoculated control samples were invariably negative. Two food products which produced positive PCR results without inoculation were excluded from the study; both of these yielded Y enterocolitica 0:3 by a conventional isolation method.
Although methods 1 and 2 gave the same sensitivity, the IMS included in method 1 has the advantage of being easily adaptable for automation. To achieve this, a minimum of laboratory manipulations prior to IMS, especially centrifugation steps, would be required. The sensitivity of the PCR assay was not affected when passive sedimentation was substituted for the initial centrifugation step (step A, Fig. 1 ).
Furthermore, we examined whether method 1 could be completed without prior centrifugation and resuspension in PBS (step B, Fig. 1 ). Duplicate samples from two food items (samples 5 and 6, Table 2 ) were inoculated with 10 to 30 CFU/g, homogenized, and subjected to IMS by adding 1.2 x 107 IMP directly to 1 and 5 ml of supernatant from step A (alternative C, Fig. 1 ). One food item (item 6) was also inoculated with approximately 2 CFU/g and enriched overnight in TSB, and IMS was then conducted in a mixture of 0.5 ml of supernatant plus 0.5 ml of PBS. All samples yielded positive results in the PCR assay, indicating that step B as well as step A may be omitted without reduction of sensitivity. For sample 6, the sensitivity was actually increased from 20 to 2 CFU/g (see above) after enrichment.
Examination of seeded water. Two surface water specimens (Table 2) were inoculated, filtered, and enriched in TSB for 3 h or overnight, and duplicate samples from each specimen were prepared for PCR by both methods 1 and 2. Regardless of sample preparation procedure, the nested PCR was capable of detecting 10 to 30 CFU per 100 ml of water after 3 h of enrichment despite a large background flora. No further improvement of the sensitivity was achieved when the enrichment proceeded overnight; negative PCR results were obtained when the water specimens were inoculated with 1 to 3 CFU/100 ml. Control samples not inoculated with Y enterocolitica were negative.
Electrophoretic versus colorimetric detection of PCR products (DLINA). The PCR amplification products from four food and one water specimen were analyzed by gel electrophoresis as well as by the DIANA procedure. All samples positive by gel electrophoresis were also positive by DIANA and vice versa. The intensity of the color reaction obtained by DIANA was significantly higher for positive samples than for their negative counterparts. When all results were pooled, the zero-adjusted OD ranged from 0.12 to 0.37 (mean, 0.20; median, 0.20; n = 29) for positive samples, while that for the negative samples ranged between 0.00 and 0.04 (mean, 0.03; median, 0.03; n = 24). The color reaction was sufficiently distinct to enable visual differentiation between positive and negative results. DISCUSSION A two-step PCR amplification procedure with two nested pairs of primers specific for theyadA gene of Y enterocolitica was developed. We selected a plasmid-encoded virulence determinant as the target for PCR because the plasmid concerned is a necessary prerequisite for the bacteria to induce disease (30) . Although the presence of plasmid-cured cells in a food product may be useful information regarding the hygienic status of the production process, such products do not represent a health hazard. We cannot exclude the possibility that the plasmid may be lost occasionally under the nonselective, competitive conditions which prevail during the overnight enrichment step included in our study. However, this is not likely to be a common event since no false-negative results were obtained after overnight enrichment of seven food samples seeded with low numbers of plasmid-bearing Y enterocolitica cells.
Several conventional isolation procedures for Y enterocolitica are currently in use. However, the problem with all selective media described thus far is that they provide inadequate differentiation between pathogenic Y enterocolitica and related microbes (10 (21) . The PCR assay was cabable of differentiating pathogenic Y enterocolitica from a broad spectrum of nonpathogenic yersiniae. This is an important characteristic as such environmental yersiniae are common in food and water.
Important advantages of the two-step PCR detection procedure with two nested primer pairs are its high specificity and sensitivity (9, 37) . A large number of cycles are run in the first round of PCR to obtain many templates for use in the second PCR step. The number of cycles required in the second PCR is consequentJy decreased, resulting in negligible levels of nonspecific fragments. If nonspecific amplification occurs during the first PCR, it is corrected in the second step since the inner primer set will function only when the correct fragment has been amplified (6, 13) . The presence of a single or strongly predominant DNA fragment of the predicted size in electrophoretic analysis of primary and secondary PCR products indicates specific amplification of the target DNA. Additional evidence of specific amplification, using Southern blot hybridization with an internal DNA probe, is not needed since the secondary PCR yields information equivalent to that provided by hybridization. Kaneko et al. (9) demonstrated that the sensitivity and specificity achieved by a two-step PCR amplification with two successive sets of primers and electrophoretic detection of PCR products were comparable to the results obtained by one round of PCR followed by Southern blot hybridization.
Theoretically, PCR can detect a single copy of target DNA. Consequently, the sensitivity of a PCR assay is limited by the efficiency with which the target sequence is recovered from the sample to be analyzed. Although different methods for purification of nucleic acids from biological samples have been described, they are rather time-consuming and may reduce the sensitivity of the test. We describe here two relatively rapid procedures for sample preparation prior to PCR which do not require isolation of DNA. When combined with the nested PCR assay, both procedures allowed sensitive detection of pathogenic Y enterocolitica in foods and water despite a large background of indigenous bacteria. It is notable, though, that our methods were evaluated with samples inoculated with actively growing Yersinia cells. Further multiplication of the inoculum may have occurred during the sample preparation. A slightly lower sensitivity would therefore not be unexpected when naturally contaminated samples which are likely to contain stressed or sublethally weakened yersiniae are examined.
Method 1 was based on IMS of the target bacterium from the sample. In addition to concentrating the pathogenic strain, IMS also provided a purer specimen suitable for PCR. Taq polymerase is very susceptible to inhibition by compounds that may be present in the sample. IMS provides an efficient way of removing PCR inhibitors; the presence of IMP did not adversely affect PCR amplification. The IMS employed in our work was specially designed to detect the pathogenic serogroup 0:3, the dominant causal agent of human Y. enterocolitica infection in most parts of the world (18) . Similar IMS protocols may be developed for other pathogenic serogroups. The production of polyvalent IMP coated with a mixture of antibodies to several serogroups may also be attainable.
The DIANA procedure is designed for colorimetric detection of PCR-amplified DNA sequences (37) . This solid-phase system eliminates the need for electrophoresis, restriction mapping, or hybridization assays for identification of PCR products and enables easy detection of PCR products in a microtiter plate format, using an OD reader. Positive samples can be analyzed further by direct solid-phase DNA sequencing (7) . When there is a need for screening large numbers of samples, the combination of IMS, nested PCR, and DIANA makes possible the development of a fully automated analytic process which requires a minimum of laboratory manipulations. Technological developments, now in progress, may enable automatic completion of the entire procedure including IMS, PCR, and DIANA, with the appropriate washing steps, incubations, and OD measurements, all performed in a single programmable apparatus.
